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Abstract Multi-eigenvalues transmission with information encoded simultaneously in both orthogonal
polarizations is experimentally demonstrated. Performance below the HD-FEC limit is demonstrated for
8-bits/symbol 1-GBd signals after transmission up to 207 km of SSMF.
Introduction
The increasing demand for capacity and the limi-
tations in achievable information rates imposed by
fiber nonlinearities to the conventional coherent
transmission systems have pushed part of the re-
search community to investigate new techniques
to encode and transmit information over the fiber
channel. Starting from the inverse scattering
transform theory, the concept of nonlinear fre-
quency division multiplexed (NFDM) system has
been introduced few years ago1.The first investi-
gations focused on modulating only the position of
a few discrete eigenvalues and transmitting over
short distances. Further extensive research en-
abled to demonstrate NFDM systems using multi-
ple degrees of freedom (eigenvalue, spectral am-
plitude) transmitting through thousands of kilome-
ters2,3.
Nevertheless, NFDM systems still suffer from
many challenges which have not yet allowed to
match the spectral efficiencies achievable by the
technologically mature linear coherent transmis-
sion systems. One of the main limitations is
the inability of taking advantage of both polariza-
tions supported by the standard single mode fiber
(SMF), which can potentially double the spectral
efficiency of such systems. A first preliminary at-
tempt in this direction has been reported by the
numerical analysis of4.
In this work, exploiting a rigorous mathemat-
ical technique, we report, to the best of our
knowledge, the first experimental demonstration
of NFDM transmission independently modulating
the two polarizations. The information data is en-
coded in the phases of the four nonlinear Fourier
(NF) coefficients b(λ) corresponding to two dis-
crete eigenvalues, using quadrature phase shift
keying (QPSK). The system is able to reach a
transmission distance of 207 km and 166 km at
the hard-decision forward error correction (HD-
FEC, BER=3.8×10−3) threshold, over a standard
link with EDFA amplification of 41.5 km and 83 km
SMF fiber spans, respectively.
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Fig. 1: Ideal eigenvalues and corresponding spectral
amplitude constellations diagrams.
Mathematical framework
The signal propagation in single mode fibers
(SMFs) can be modeled by the so called Man-
akov system (MS) which describes the evolution
of the pair of complex field amplitudes q1 and q2
corresponding to the two polarizations of the field
envelope . The MS for the focusing regime in nor-
malized form reads:
∂q1
∂z
= i
∂2q1
∂t2
+ i2q1
(|q1|2 + |q2|2) ,
∂q2
∂z
= i
∂2q2
∂t2
+ i2q2
(|q1|2 + |q2|2) , (1)
where z and t are the normalized space and time
coordinates respectively. The MS in Eqs. (1) is
integrable by the inverse scattering transform5,
also called nonlinear Fourier transform (NFT). It is
therefore possible to associate a Lax pair of oper-
ators to the MS and define an eigenvalue problem
with eigenvalues λ and eigenvectors ψ. The time
evolution differential equation for ψ , induced by
the eigenvalue problem, is
∂t
ψ1ψ2
ψ3
 =
−iλ q1 q2−q∗1 iλ 0
−q∗2 0 iλ

ψ1ψ2
ψ3
 . (2)
By integrating Eq. (2) using appropriate bound-
ary conditions, the eigenvalues λ and the
NF coefficients {a(λ), b1(λ), b2(λ)} can be ob-
tained. Compared to the single-polarization case
{a(λ), b1(λ)}), the MS has an additional NF co-
efficient, b2(λ). This new degree of freedom can
be used in a NFDM communication system to en-
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Fig. 2: Experimental setup with transmitter and receiver DSP chain. Four constellations (two per polarization) associated to the
two eigenvalues are shown at the transmitter side (top left) and after 373.5 km transmission with 41.5-km spans (top right).
code twice as many information bits.
The time domain waveform associated to a
set of NF coefficients can be synthesized from
a null field by using the Darboux transformation
(DT) for the Manakov system. Such a powerful
technique allows to add iteratively new eigenval-
ues to the NF discrete spectrum by updating the
time domain signals correspondingly. The generic
solution ψ of (2) is transformed by the DT as
ψ˜ = (λ0I3 −G0)ψ, where G0 = ΨM0Ψ−1,9 with
Ψ =
ψ1 ψ∗2 ψ∗3ψ2 −ψ∗1 0
ψ3 0 −ψ∗1
 . (3)
The ψj are the components of the eigenvalue
problem solution that are being transformed,
M0 = diag(λ0, λ
∗
0, λ
∗
0) and λ0 is the new eigen-
value we want to add to the spectrum. The sig-
nals are changed by the DT in the following way:
q˜j = qj + 2i(λ
∗
0 − λ0)
u∗j
1 +
∑2
k=1 |uk|2
, i = 1, 2 (4)
being q˜j the modified component and
uj = ψj+1/ψ1, where j = 1, 2 indicates one
of the two polarizations.
Experimental setup
In order to demonstrate the advantage provided
by the new degree of freedom b2(λ), the dual-
polarization NFDM signaling depicted in Fig. 1 is
implemented by choosing two reference eigenval-
ues λ1 = 0.3i and λ2 = 0.6i.
Data symbols are generated at 1 GBd by map-
ping the bits from a pseudo random bit sequence
of length 211 − 1 to the phases of each of the
NFT coefficient pairs {b1(λi), b2(λi)} according to
a QPSK constellation for b1,2(λ1) and to a QPSK
constellation rotated by pi/4 for b1,2(λ2), (Fig 1).
The data so encoded are experimentally trans-
mitted through the setup of Fig. 2. Inverse NFT
(INFT) is used to generate time waveforms from
the symbol {b1(λ1), b2(λ1), b1(λ2), b2(λ2)} using
an iterative algorithm based on the DT (see pre-
vious section). The digital signal is pre-distorted
to compensate for the Mach-Zehnder modulator
nonlinear response and the waveforms are up-
loaded to an arbitrary waveform generator (AWG,
20-GHz analog bandwidth and 64-GSa/s) which
drives a dual polarization I/Q modulator. The opti-
cal input of the modulator is a fiber laser (FL) with
∼1 kHz linewidth, which is amplified after mod-
ulation and transmitted to a fiber link of multiple
spans of SMF with dispersionD = 17.5 ps/nm·km,
nonlinear coefficient γ = 1.25 W−1km−1 and at-
tenuation α = 0.195 dB/km.
At the receiver, the polarization demultiplexing
is performed manually through a polarization con-
troller as no blind polarization demultiplexing al-
gorithms for the NFT are yet available. The signal
is then detected in homodyne configuration by us-
ing a standard coherent receiver (33-GHz analog
bandwidth, 80 GSa/s). The acquired digital signal
is rescaled to the ideal power of the signal gener-
ated by the INFT and low-pass filtered to remove
the out of band noise. FFT-based coarse clock
recovery is used in order to align the pulse to the
center of the processing time window. The sig-
nal is then passed to the NFT block which first
locates the eigenvalues λi (zeros of the NFT coef-
ficient a(λi)) and then computes b1,2(λi). In order
to minimize numerical errors, the NFT coefficients
Fig. 3: BER as a function of the OSNR in back-to-back.
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Fig. 4: BER as a function of the transmission distance for each individual eigenvalue for 41.5 km (a) and 83 km (b) spans.
(c) Comparison of the average BER versus transmission distance between links of the two different span lengths.
are computed by integrating (2) using a general-
ized version of the forward-backward trapezoidal
algorithm7. The standard blind phase search al-
gorithm is used independently on each of the con-
stellations to perform carrier phase estimation.
Experimental results
The proposed system is first tested in a back-to-
back (BTB) configuration by removing the trans-
mission link and varying the optical signal to noise
ratio (OSNR) at the receiver input through noise
loading. The measured signal bit error rate (BER)
is shown in Fig. 3. The BER averaged over the
four constellations saturates toward a value of
5×10−4 as the OSNR is increased. The main
contribution of errors comes from the two con-
stellations of λ2. As shown in Fig. 2 (top left) at
maximum OSNR, both constellations related to
λ2 are more noisy and distorted at the transmit-
ter due to the higher peak-to-average power ra-
tio of the λ2-pulse portion, and the limited digital
to analog converter resolution. Additionally, im-
perfections in the digital signal processing (DSP)
chain at the receiver can introduce further degra-
dation. For example, sub-optimum timing recov-
ery due to noise, results in distortions of the re-
ceived constellations, and an increment in BER.
Such a transceiver-induced penalty could be im-
proved by more sophisticated DSP schemes.
The system is then tested by transmitting over
a link of SMF fibers spans, first with spans of
41.5 km and then with spans of 83 km. In
Fig. 4 (a) and (b) the BER curves for the four dif-
ferent b(λ) are shown as a function of the trans-
mission distance for the 41.5 km and 83 km spans
case respectively. As in Fig. 3, the BER is sensi-
bly higher for b1,2(λ2) as already hinted by the re-
ceived constellations after a 373.5-km transmis-
sion (Fig. 2). The constellations associated to λ2
are more degraded while those associated to λ1
are still well defined. The performance of b1(λi)
and b2(λi), which are associated to the two polar-
izations, are instead similar for the same eigen-
value i. In Fig. 4 (c) we compare the average BER
for the two span lengths. Theoretically, worse per-
formance may be expected for the longer spans
(further away from lossless transmission). The
results of Fig. 4 (c) instead, do not show a rele-
vant difference and the performance are similar
in the two cases at the same transmission dis-
tance. This is probably due to the performance
being mainly limited by transceivers impairments,
so that the losses play a minor role. Transmission
distances up to 207 km for the configuration using
41.5 km long spans and up to 166 km for the one
using spans of 83 km are achievable with a BER
below the HD-FEC threshold of 3.8×10−3.
Conclusions
The results presented in the paper demonstrate
that polarization multiplexing in NFDM systems is
feasible and can lead to a potential increase of the
spectral efficiency achieved up to now. The per-
formance of the two polarizations fields reported
are similar, while there is a clear difference in
BER between constellations associated to differ-
ent eigenvalues.
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